Introduction {#s1}
============

Over the past few decades, antimicrobial resistance has been recognized as a major public health problem. Since it was first recovered from patients in southern England in 1961 [@pone.0068053-Patricia1], methicillin-resistant *Staphylococcus aureus* (MRSA) has been reported worldwide and has become one of the leading causes of hospital-associated and community-acquired infections [@pone.0068053-Moellering1]. In China, infections caused by MRSA in healthcare institutions have increased greatly in the past 20 years. It was reported that mean prevalence of MRSA in 16 medical centers in 12 cities across China had reached 50.4% by 2005 [@pone.0068053-Wang1]. Treatment options for MRSA are limited and less effective than options available for methicillin-susceptible *Staphylococcus aureus* (MSSA) infections [@pone.0068053-Gould1]. This emphasizes the importance of developing more therapeutic options including novel antimicrobials and combinations of existing drugs to combat MRSA.

Historically, plants have provided us with a good source of antimicrobial agents. Drugs of plant origin including artesunate, berberine, and quinine are still effective in some cases in treating infectious diseases [@pone.0068053-Adjuik1], [@pone.0068053-Faiz1], [@pone.0068053-Rabbani1]. *Houttuynia cordata* Thunb ([Figure 1](#pone-0068053-g001){ref-type="fig"}. A) is a common vegetable consumed in Southwest China as well as an herb used in traditional Chinese medicine for hundreds of years [@pone.0068053-Chinese1]. In April 2003, it was approved by the State Administration of Traditional Chinese Medicine of the People\'s Republic of China as one of the component herbs in a Chinese herb formula to prevent severe acute respiratory syndrome (SARS) [@pone.0068053-State1]. Recently, several studies also provide scientific data to support and unveil its antibacterial [@pone.0068053-Lu1], [@pone.0068053-Kim1], anti-inflammatory [@pone.0068053-Lu2], and antiviral [@pone.0068053-Hayashi1] activities. Houttuynin (decanoyl acetaldehyde, C~12~H~22~O~2~, MW = 198.3) is the main antibacterial ingredient in volatile oil of *Houttuynia cordata* Thunb. As houttuynin is chemically unstable, sodium houttuyfonate (SH, sodium 1-hydroxy-3-oxododecane-1-sulfonate, C~12~H~23~NaO~5~S, MW = 302.4) and sodium new houttuyfonate (SNH, sodium lauroyl-α-hydroxyethyl sulfonate, C~14~H~27~NaO~5~S, MW = 330.4), analogue of sodium houttuyfonate, were synthesized and have been approved by China Food and Drug Administration to be used in clinical practice mainly in the formulations of tablets and injection [@pone.0068053-Chinese2], [@pone.0068053-China1]. Due to its improved chemical and pharmacological properties, SNH has replaced houttuynin, and to a large extent SH, as an effective therapeutic agent for respiratory infections and inflammatory diseases such as acute or chronic bronchitis and pneumonia in clinical settings [@pone.0068053-Liang1], [@pone.0068053-Yu1]. The structures of the three compounds are shown in [Figure 1](#pone-0068053-g001){ref-type="fig"}. Earlier studies indicated that a variety of bacteria could be inhibited by SNH with gram-positive bacteria showing a higher sensitivity to the compound than gram-negative bacteria *in vitro* [@pone.0068053-Ye1], [@pone.0068053-Ye2]. However, no report has specially focused on activity of SNH against MRSA. In this study, we examined the *in vitro* activity of SNH and its potential for synergy when combined with antibiotics against a collection of hospital-associated MRSA (HA-MRSA) isolates recovered from various clinical samples in recent years.

![*Houttuynia cordata* Thunb and related compounds.\
A) *Houttuynia cordata* Thunb (picture of the plant is from Chinese Pharmacopoeia Commission, 9^th^ edition [@pone.0068053-Chinese1]), B) Houttuynin, C) Sodium houttuyfonate and D) Sodium new houttuyfonate.](pone.0068053.g001){#pone-0068053-g001}

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

No permits were required for the described study, which complied with all relevant regulations.

Bacterial Strains {#s2b}
-----------------

A total of 103 MRSA strains collected from a variety of clinical samples in two hospitals in Beijing between 2005 and 2010 were used in this study. All MRSA isolates were identified by automated antimicrobial susceptibility test systems (BD or bioMerieux systems) in hospital laboratories and were further confirmed by VITEK 2-COMPACT system (bioMerieux, Marcy I\'Etoile, France) and the standard oxacillin agar dilution method recommended by Clinical and Laboratory Standards Institute (CLSI, formerly NCCLS) in our laboratory. In addition, genotypic features of these isolates were characterized by multiplex PCR for the *mecA* gene identification and SCC*mec* typing. Relevant characteristics of the MRSA isolates used in this study are presented in [Table 1](#pone-0068053-t001){ref-type="table"}. Generally, SCC*mec* type III is the predominant type in HA-MRSA strains in China [@pone.0068053-Liu1]. Two ATCC (American Tissue Culture and Collection) MRSA strains, ATCC33591 and Mu 50 (also referred to as ATCC 700699, vancomycin-intermediate *S. aureus*) were used as quality control strains.

10.1371/journal.pone.0068053.t001

###### Characteristics of 103 hospital-associated MRSA isolates used in this study.

![](pone.0068053.t001){#pone-0068053-t001-1}

  origin                               oxacillin- resistantphenotype No. (%)   No. of isolates positivefor *mecA* (% of total)   SCC*mec* type (No. of isolates)                                       
  ----------------------------------- --------------------------------------- ------------------------------------------------- --------------------------------- ------------ ------------ ---------- --------
  Upper respiratory tract infection                  26 (100%)                                    26 (100%)                                     0                      3            23          0         0
  Pneumonia                                          21 (100%)                                    21 (100%)                                     0                      2            18          1         0
  Skin and soft tissue wounds                        17 (100%)                                    17 (100%)                                     0                      4            13          0         0
  Urinary tract infection                            18 (100%)                                    18 (100%)                                     0                      5            13          0         0
  Bacteremia                                         15 (100%)                                    15 (100%)                                     0                      0            15          0         0
  Pyothoroax                                         4 (100%)                                     4 (100%)                                      0                      0            4           0         0
  Meningitis                                         2 (100%)                                     2 (100%)                                      0                      0            2           0         0
  Total (%)                                         103 (100%)                                   103 (100%)                                  0 (0%)                14 (13.6%)   88 (85.4%)   1 (1.0%)   0 (0%)

Antimicrobial Agents and Medium {#s2c}
-------------------------------

Sodium New Houttuyfonate was provided by Beijing Standardherbs Medical Science & Technology Development Co. LTD. Eight antimicrobial agents, including oxacillin (OXA), cephalothin (CEF), meropenem (MEM), vancomycin (VAN), levofloxacin (LVX), minocycline (MIN), netilmicin (NET), and trimethoprim-sulfamethoxazole (SXT) were commercially purchased. SNH was dissolved in distilled water. Stock solutions of antibiotics were prepared in solvents and diluents recommended by CLSI [@pone.0068053-Clinical1] based on their actual purity or potency and sterilized through 0.22 µm filters before use. Test solutions with different concentrations of SNH and the antimicrobials were obtained by two-fold serial dilutions with cation-adjusted Mueller-Hinton (CAMH) broth (BD, Cockeysville, MD).

CAMH broth was used for all susceptibility testing, checkerboard testing and time-kill analysis. Colony counts were determined using tryptic soy agar (TSA; BD, Cockeysville, MD) plates.

Susceptibility Testing {#s2d}
----------------------

The minimum inhibitory concentrations (MICs) of the antibacterial agents for all 103 clinical isolates were determined by broth microdilution method according to CLSI guidelines [@pone.0068053-Clinical2]. Wells of 96-well microtiter plates (Nunc, Thermo Fisher Scientific Inc., Roskilde) were inoculated with 100 µL of CAMH broth containing serial-diluted antimicrobials and a final inoculum of 5×10^5^ CFU/mL. The concentrations of SNH ranged from 1 µg/mL to 128 µg/mL. The concentration ranges for other antibiotics were as follows: 0.03 µg/mL to 128 µg/mL for MEM, VAN, LVX, MIN, and NET; 0.06 µg/mL to 1024 µg/mL for OXA and CEF; 0.008/0.15 µg/mL to 32/608 µg/mL for SXT. Testing of oxacillin was performed in CAMH broth supplemented with 2% NaCl. The microtiter plates were incubated at 35°C for 24 h. The MIC was defined as the lowest concentration of an antimicrobial agent that prevented turbidity. All MIC determinations were performed in duplicate.

Time-kill Curves of SNH {#s2e}
-----------------------

Kill kinetics of SNH was determined by time-kill experiments for five MRSA strains (three clinical isolates MRSA 5--20, MRSA 6--29 and MRSA 8--36 and two reference strains ATCC 33591 and Mu50) according to the method described by Verma et al. with slight modifications [@pone.0068053-Verma1]. An overnight culture was diluted with CAMH broth in a total volume of 30 mL containing an inoculum of 2×10^6^ CFU/mL in a 250 mL flask for each strain. Distilled water or SNH was added to yield concentrations of 0×, 1/4×, 1/2×, 1×, 2×, and 4×MIC in the broth at standard inocula.

Viability counts were performed at 0, 2, 4, 6, 8 and 24 h of incubation at 37°C by plating 0.1 mL undiluted and 10-fold serial diluted samples onto TSA plates in duplicate. Drug carryover effect was eliminated by saline and agar dilution. The experiments were performed three times on different days and the results were presented as mean and standard deviation. The time--kill curves were recorded as log~10~ reductions in bacterial counts within a specific time period. Bactericidal activity was defined as ≥3 log~10~CFU/mL reduction (99.9% kill) in colony count from the starting inoculum. The detection limit was 2log~10~CFU/mL.

Studies for Synergy {#s2f}
-------------------

### Checkerboard assay {#s2f1}

Eight combinations including SNH-OXA, SNH-CEF, SNH-MEM, SNH-VAN, SNH-LVX, SNH-MIN, SNH-NET, and SNH-SXT were evaluated on 10 randomly selected MRSA isolates and two quality control strains (ATCC 33591 and Mu 50) using microdilution checkerboard technique [@pone.0068053-Verma1], [@pone.0068053-Pillai1]. In brief, a final inoculum of 5×10^5^ CFU/mL was added to wells of 96-well microtiter plates containing two-fold diluted SNH and the other antimicrobial in CAMH broth. After incubation at 35°C for 24 h, the combined effect of SNH with each antimicrobial was analyzed by calculation of the fractional inhibitory concentration index (FICI) using the following equation: FICI = (MIC of drug A in the combination/MIC of drug A alone)+(MIC of drug B in the combination/MIC of drug B alone). The antimicrobial combination was defined to be synergistic when the FICI was ≤0.5; indifferent when 0.5\< FICI \<4; antagonistic when FICI ≥4 [@pone.0068053-Verma1], [@pone.0068053-Pillai1]. The experiments were performed in duplicate on different days.

### Time-kill curve analysis of SNH-OXA, SNH-NET and SNH-MEM combinations {#s2f2}

Time-kill assays were performed for ATCC 33591, Mu 50, and the clinical isolates MRSA 5--20, MRSA 6--29 and MRSA 8--36 to evaluate the killing dynamics of SNH-OXA, SNH-NET and SNH-MEM, the combinations of interest. The time-kill for the combination study was similar to that described in the time kill assays of individual use of SNH. Antimicrobial-free inoculation of each strain was included as growth control. SNH was combined with oxacillin, meropenem or netilmicin and tested at concentrations below MIC of each drug. The concentrations of antimicrobials used for different strains were 1/2 MIC or MIC for SNH, 1/128 to 1/64 MIC for OXA, 1/8 to 1/2 MIC for NET and 1/16 to 1/4 MIC for MEM. Colony counts were determined at 0, 2, 4, 6, 8, 24, 48, and 72 h. Synergy was defined as ≥2 log~10~ decrease in CFU/mL between the combination and its most active constituent at 72 h, with the number of surviving organisms in the combination at ≥2log~10~ CFU/mL below the starting inoculum.

Results {#s3}
=======

Susceptibility Testing {#s3a}
----------------------

The susceptibility results of all antimicrobials tested against 103 MRSA isolates and 2 reference strains are presented in [Table 2](#pone-0068053-t002){ref-type="table"}. SNH inhibited all the test MRSA strains regardless of their origins and SCC*mec* types at concentrations ranging from 16 to 64 µg/mL. Both MIC~50~ and MIC~90~ values of SNH were 32 µg/mL. The MICs of the antibiotics for the quality control strains ATCC 33591 and Mu 50 were within the expected ranges. Most of the strains were resistant to three β-lactams (OXA, CEF and MEM), LVX, MIN, NET, or all of the six antibiotics. Among the eight antibiotics, only vancomycin and trimethoprim-sulfamethoxazole showed favorable antibacterial activity, except for the vancomycin-intermediate strain Mu 50.

10.1371/journal.pone.0068053.t002

###### Susceptibility of MRSA strains to SNH and eight antibiotics.
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  Antimicrobials    MIC of control strains (µg/mL)   MIC of 103 clinical isolates (µg/mL)   Susceptible/total [a](#nt101){ref-type="table-fn"} (% Susceptibility)                      
  ---------------- -------------------------------- -------------------------------------- ----------------------------------------------------------------------- ------------ ------ ------------------------------------
  SNH                             32                                  64                                                   16--64                                       32        32    NA[b](#nt102){ref-type="table-fn"}
  OXA                            256                                 512                                                   8--512                                      512       512                 0/103(0)
  CEF                             32                                 128                                                   1--256                                       64       256                3/103(2.9)
  MEM                             16                                  32                                                    2--64                                       32        64                4/103(3.9)
  VAN                             1                                   8                                                    0.5--2                                       1         1                103/103(100)
  LVX                            0.25                                 16                                                  0.25--64                                      16        32               5/103 (4.9)
  MIN                             8                                   8                                                   0.25--32                                      8         16               60/103(58.3)
  NET                             4                                   16                                                  0.5--128                                      16        64                8/103(7.8)
  SXT                            1/19                              0.25/4.8                                            0.03/0.57--4/76                              0.125/2.38   1/19              97/103(94.2)

The susceptibility was determined according to standards recommended by CLSI: ≤2 µg/mL for oxacillin, ≤8 µg/mL for cephalothin, ≤4 µg/mL for meropenem, ≤2 µg/mL for vancomycin, ≤1 µg/mL for levofloxacin, ≤4 µg/mL for minocycline, ≤8 µg/mL for netilmicin, and ≤2 µg/mL/38 µg/mL for trimethoprim-sulfamethoxazole.

NA, not applicable.

Time-kill Curve Analysis of SNH {#s3b}
-------------------------------

The time--kill curves of SNH for three MRSA clinical isolates and two reference strains are displayed in [Figure 2](#pone-0068053-g002){ref-type="fig"}. Concentration-dependent killing and significant reductions in the viable bacterial counts were observed after 24 h exposure of the bacteria to SNH at concentrations above MIC. The maximum reductions in viable counts were 1.5 to 3 log~10~ CFU/mL for 4×MIC of SNH when compared with the initial inocula; the antibacterial effect of SNH on the five strains was determined to be bacteriostatic or marginal bactericidal at test concentrations.

![Activity of SNH at different concentrations in a time-kill analysis against MRSA strains.\
A) MRSA 5--20 (MIC = 32 µg/mL); B) MRSA 6--29 (MIC = 32 µg/mL); C) MRSA 8--36 (MIC = 32 µg/mL); D) ATCC33591 (MIC = 32 µg/mL); E) Mu50 (MIC = 64 µg/mL); ▪, GC, growth control; ▴, 1/4×MIC; ×, 1/2×MIC; ⧫, 1×MIC; ○, 2×MIC; □, 4×MIC.](pone.0068053.g002){#pone-0068053-g002}

Studies for Synergy {#s3c}
-------------------

### Checkerboard assay {#s3c1}

The results of the checkerboard analysis are summarized in [Table 3](#pone-0068053-t003){ref-type="table"} (detailed MIC and FICI values are presented in [Table S1](#pone.0068053.s004){ref-type="supplementary-material"}). Synergistic interactions were noted between SNH and β-lactams as well as SNH and NET based on FIC indices for these combinations. SNH-OXA, SNH-CEF, SNH-MEM and SNH-NET demonstrated synergism in 11, 9, 12 and 12 of the 12 MRSA strains, respectively. The inhibitory concentrations of OXA, CEF, MEM, and NET against most strains decreased significantly to 1/32--1/4 MIC when combined with 1/8 to1/4 MIC of SNH (2--16 µg/mL). According to the FIC indices, combinations of SNH-VAN and SNH-LVX displayed indifferent effect in all the 12 strains; SNH-MIN and SNH-SXT exhibited indifferent effect in 10 strains and synergistic effect in 2 strains of the 12 strains tested. No evidence of antagonism was noted for the eight SNH-based combinations against any of the strains tested.

10.1371/journal.pone.0068053.t003

###### Effects of SNH in combination with antibiotics against 12 MRSA strains in checkerboard assay.
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  Antimicrobial combination    Range of FICI   Median of FICI   Checkerboard effect (No. of isolates)       
  --------------------------- --------------- ---------------- --------------------------------------- ---- ---
  SNH-OXA                       0.28--0.56          0.38                         11                     1    0
  SNH-CEF                       0.31--0.63          0.38                          9                     3    0
  SNH-MEM                       0.16--0.38          0.25                         12                     0    0
  SNH-VAN                         0.63--2            1                            0                     12   0
  SNH-LVX                         0.53--2            1                            0                     12   0
  SNH-MIN                        0.5--0.75          0.63                          2                     10   0
  SNH-NET                        0.25--0.5          0.38                         12                     0    0
  SNH-SXT                         0.5--2            0.69                          2                     10   0

### Time-kill curve analysis of SNH-OXA, SNH-NET and SNH-MEM combinations {#s3c2}

The time-kill results of SNH-OXA, SNH-NET and SNH-MEM against the five MRSA strains are displayed in [Figure 3](#pone-0068053-g003){ref-type="fig"}, [4](#pone-0068053-g004){ref-type="fig"} and [S1](#pone.0068053.s001){ref-type="supplementary-material"}, respectively. At the concentrations of sub-MIC levels tested, the three antibiotics used alone showed little activity on bacterial growth. SNH alone showed weak inhibitory effect on the bacteria but was followed by bacterial regrowth after 8 to24 h of incubation. In contrast, the combinations of SNH with OXA, MEM or NET resulted in potent synergistic effect on all the test strains. The combinations greatly reduced the viable counts of bacteria by ≥2log~10~ CFU/mL when compared with any of the most active agent used individually. The synergistic effect could still be observed at 72 h for some of the strains in certain combinations. In addition, the three combinations reduced the viable count by \>3log~10~ when compared with the starting inoculum and bactericidal effect was demonstrated.

![Sub-MIC levels of SNH and oxacillin alone and in combination against MRSA strains.\
A) MRSA 5--20, 1/2×MIC SNH-1/64×MIC OXA (MIC of SNH = 32 µg/mL, MIC of OXA = 128 µg/mL); B) MRSA 6--29, 1/2×MIC SNH-1/64×MIC OXA (MIC of SNH = 32 µg/mL, MIC of OXA = 256 µg/mL); C) MRSA 8--36, 1/2×MIC SNH-1/128×MIC OXA (MIC of SNH = 32 µg/mL, MIC of OXA = 512 µg/mL); D) ATCC 33591 1/2×MIC SNH-1/64×MIC OXA (MIC of SNH = 32 µg/mL, MIC of OXA = 256 µg/mL); E) Mu 50, 1/2×MIC SNH-1/128×MIC OXA (MIC of SNH = 64 µg/mL, MIC of OXA = 512 µg/mL); ▪, GC, growth control; ▴, SNH; ◊, OXA; ○, combination of SNH and OXA.](pone.0068053.g003){#pone-0068053-g003}

![Sub-MIC levels of SNH and netilmicin alone and in combination against MRSA strains.\
A) MRSA 5--20, 1/2×MIC SNH-1/4×MIC NET (MIC of SNH = 32 µg/mL, MIC of NET = 16 µg/mL); B) MRSA 6--29, 1/2×MIC SNH-1/2×MIC NET (MIC of SNH = 32 µg/mL, MIC of NET = 8 µg/mL); C) MRSA 8--36, 1/2×MIC SNH-1/8×MIC NET (MIC of SNH = 32 µg/mL, MIC of NET = 64 µg/mL); D) ATCC 33591 1/2×MIC SNH-1/4×MIC NET (MIC of SNH = 32 µg/mL, MIC of NET = 4 µg/mL); E) Mu 50, 1/2×MIC SNH-1/4×MIC NET (MIC of SNH = 64 µg/mL, MIC of NET = 16 µg/mL); ▪, GC, growth control; ▴, SNH; ▽, NET; ○, combination of SNH and NET.](pone.0068053.g004){#pone-0068053-g004}

Discussion {#s4}
==========

SNH contains a hydrophilic sulfinyl head and a hydrophobic alkyl tail with 12 carbon atoms, which is considered to be surfactant-like structure. Although antibacterial mechanism of SNH remains unknown, it was indicated that SNH exerted its antimicrobial effect mainly through binding of non-polar tail group to bacterial hydrophobic membrane proteins or cytoplasmic enzymes [@pone.0068053-Ye1], [@pone.0068053-Ye3], [@pone.0068053-Ye4]. The hydrophobic lipid bilayer of cell membrane might be another target of aliphatic chain of SNH, but it seems that a repulsive force between the negatively charged membrane and the anionic hydrophilic moiety of SNH may weaken the potential interaction [@pone.0068053-Li1]. This might be an explanation of higher susceptibility of gram positive bacteria to SNH than gram negative bacteria, which have higher negative charge on the outer membrane due to presence of abundant anion charged phospholipids and lipopolysaccharides [@pone.0068053-Savage1]. In addition, a latest report showed that treatment of SH, analogue of SNH, decreased transcription of some autolysins and inhibited Triton X-100-induced autolysis in *S. aureus in vitro*. Although correlation between inhibition of autolysis of *S. aureus* and antimicrobial effect of SH needs further elucidation, the findings provided a possible explanation of response of *S. aureus* to SNH-like compounds [@pone.0068053-Liu2]. Overall, the enhanced antibacterial effects of SNH-based combinations may be attributed to molecular property of SNH which disrupted integrity and function of cell membrane. Since membrane-mediated processes involved in cell wall biosynthesis, cell permeability and drug efflux are important sources of resistance of MRSA to some antimicrobials, it seems reasonable to hypothesize that MRSA will be sensitized to antimicrobials by disrupting the normal barrier function of the cell membrane. Further work is required to identify the exact targets of SNH and understand the mechanisms involved in the interactions between SNH and β-lactams or aminoglycosides.

SNH was reported to exhibit potent inhibitory activity against *Staphylococcus aureus*, *Staphylococcus epidermidis*, and *Klebsiella pneumoniae*, etc. [@pone.0068053-Qiu1]. This study evaluated activity of SNH against MRSA and its potential for synergistic effect when combined with antibiotics. SNH has both MIC~50~ and MIC~90~ values of 32 µg/mL for 103 MRSA strains and displayed growth inhibitory or marginal killing activity against MRSA in a concentration-dependent manner. In another set of experiments, we demonstrated that there was no significant difference between MSSA and MRSA on susceptibility to SNH ([Table S1](#pone.0068053.s004){ref-type="supplementary-material"}) and characteristics of dynamic time-kill curves of SNH ([Figure S2](#pone.0068053.s002){ref-type="supplementary-material"}). As a result, it is unlikely that there is cross-resistance between SNH and β-lactams.

SNH in combination with OXA exhibited synergistic effect for all the five MRSA strains tested in time-kill analysis. Similarly, it was also demonstrated that the SNH-OXA combination showed synergism on four MSSA strains tested in another set of time-kill assays conducted to observe its action on MSSA ([Figure S3](#pone.0068053.s003){ref-type="supplementary-material"}). Besides SNH-OXA combination, SNH-NET and SNH-MEM combinations also showed synergistic effect on MRSA strains. Stressed by SNH-based combinations, the viability of the organisms was largely depressed. Although regrowth of bacteria was seen for some strains in certain combinations, it was mild and only occurred after 24 h. These findings reflect the gradual and stable antibacterial effect of these drug combinations. As use of MEM is reserved to treatment of infections caused by multidrug-resistant (MDR) gram negative bacteria in clinical settings, application of SNH-MEM combination on gram positive cocci including MRSA doesn't seem feasible. It might be interesting to test this combination on MDR gram negative bacteria.

Considering that oxacillin can combine with other antimicrobial agents to restore its utility against staphylococci [@pone.0068053-Jenkins1], while netilmicin was also reported to be effective on MRSA infection when used in a drug combination [@pone.0068053-Nasu1], [@pone.0068053-Maesaki1], the findings reported here suggest that in vitro combinations of subinhibitory concentrations of SNH-OXA and SNH-NET could be beneficial inhibiting MRSA. However, further investigations, including pharmacokinetic/pharmacodynamic studies need to be conducted to determine if the in vivo activity of SNH-based combinations exists. If so, patients could potentially benefit from these findings.

Supporting Information {#s5}
======================

###### 

**Sub-MIC levels of SNH and meropenem alone and in combination against MRSA strains.** A. MRSA 5--20, 1/2×MIC SNH-1/4×MIC MEM (MIC of SNH = 32 µg/mL, MIC of MEM = 16 µg/mL); B. MRSA 6--29, 1/2×MIC SNH-1/8×MIC MEM (MIC of SNH = 32 µg/mL, MIC of MEM = 32 µg/mL); C. MRSA 8--36, 1/2×MIC SNH-1/16×MIC MEM (MIC of SNH = 32 µg/mL, MIC of MEM = 64 µg/mL); D. ATCC 33591 1/2×MIC SNH-1/4×MIC MEM (MIC of SNH = 32 µg/mL, MIC of MEM = 16 µg/mL); E. Mu 50, 1×MIC SNH-1/4×MIC MEM (MIC of SNH = 64 µg/mL, MIC of MEM = 32 µg/mL); ▪, GC, growth control; ▴, SNH; □, MEM; ○, combination of SNH and MEM.

(TIF)

###### 

Click here for additional data file.

###### 

**Activity of SNH at different concentrations in time-kill analysis against MSSA strains.** A. MSSA 7--3 (MIC = 32 µg/mL); B. MSSA 7--4 (MIC = 32 µg/mL); C. MSSA 8--8 (MIC = 32 µg/mL); D. ATCC29213 (MIC = 32 µg/mL); ▪, GC, growth control; ▴, 1/4×MIC; ×, 1/2×MIC; ⧫, 1×MIC; ○, 2×MIC; □, 4×MIC.

(TIF)

###### 

Click here for additional data file.

###### 

**Sub-MIC levels of SNH and oxacillin alone and in combination against MSSA strains.** A. MSSA 7-3, 1/2×MIC SNH-1/4×MIC OXA(MIC of SNH = 32 µg/mL, MIC of OXA = 0.5 µg/mL); B. MSSA 7-4, 1/2×MIC SNH-1/4×MIC OXA (MIC of SNH = 32 µg/mL, MIC of OXA = 0.5 µg/mL); C. MSSA 8-8, 1/2×MIC SNH-1/4×MIC OXA (MIC of SNH = 32 µg/mL, MIC of OXA = 0.5 µg/mL); D. ATCC29213 1/2×MIC SNH-1/4×MIC OXA (MIC of SNH = 32 µg/mL, MIC of OXA = 0.5 µg/mL); ▪, GC, growth control; ▴, SNH; ◊, OXA; ○, combination of SNH and OXA.

(TIF)

###### 

Click here for additional data file.

###### 

**MICs and FICI of SNH and eight antibiotics against 12 MRSA strains in checkerboard assay.**

(PDF)

###### 

Click here for additional data file.

###### 

**Susceptibility of 20 MSSA strains to SNH and oxacillin.**

(PDF)

###### 

Click here for additional data file.
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